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Polymer Division 
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In the fabrication of components with thermosetting polymers, 
an essential step is the proper optimization of the cure cycle. 
In the early phases of the cure the polymer must have the appro-
priate flow properties to assure the proper wetting, spreading, 
and forming. It must then harden without excessive build up of 
residual stresses and flaws or the loss of adhesion at any inter-
faces that are present. To complicate the situation further, many 
applications such as composites, adhesives, paints, and protective 
coatings involve thin films whose cure behavior is significantly 
different than that for bulk samples. To help address this 
problem, an ultrasonic shear wave propagation technique has been 
developed. It is a laboratory device that measures the dynamic 
shear properties of a thin film in a way which is both nondestruc-
tive and nonperturbing to any chemical reactions that may be 
occurring. The applicability of this test method was demonstrated 
with cure studies on two model systems: one based on tung oil the 
other based on an epoxy resin. 
INTRODUCTION 
In recent years the use of polymers, reinforced with either 
fibers or particles, has undergone rapid expansion and as a 
result problems related to the fabrication of these materials 
have acquired major importance. The polymers involved are often 
thermosetting resins, that is, low molecular weight materials 
which polymerize or cure when heated. The low molecular weight 
of the starting materials means that they are liquids at room 
temperature or slightly above room temperature. As a consequence, 
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the materials will be fluid during the initial stages of cure and 
this is crucial to obtain the proper wetting of the reinforcing 
agent, spreading at interfaces and into the corners of molds, and 
leveling of free surfaces. The success of these processes 
requires the viscosity to remain in the proper range for the 
appropriate time period. As the temperature is increased the 
viscosity initially falls but then rises again as the polymeriza-
tion reactions initiate and proceed. Consequently, the proper 
thermal cycle is essential if good results are to be obtained. 
As the polymer cures, it also acquires an elastic character 
which increases as the polymerization proceeds. Since polymeriza-
tion is generally accompanied by shrinkage, this elasticity leads 
to a build-up of internal stresses within the polymer. If the 
reaction proceeds slowly, the internal stresses are less and the 
ability of the polymer to flow and thereby relieve these stresses 
is greater. Clearly, this means fewer problems, however, the 
slower the polymerization, the longer it takes to make a part and 
this affects productivity. The polymerization reactions also 
influence the properties of the final material since they control 
the molecular network that is formed. This network plays a major 
role in determining the modulus, fracture energy, and other 
important properties of the polymer. Even with identical starting 
materials the application of different cure schedules can produce 
very different final products. Consequently, the proper selection 
of the curing times and temperatures is a crucial step to achieving 
high productivity. 
In light of these considerations, there is a need to develop 
nondestructive methods for monitoring and studying cure, i.e. the 
liquid-to-solid conversion in thermosetting materials. What 
makes this particularly difficult is that many of the applications 
involve thin layers or films and the behavior of such samples 
generally can not be predicted from measurements on bulk specimens. 
In response to this need a number of dielectric and spectroscopic 
techniques have been developed. Although these methods are very 
useful, it is sometimes difficult to interpret the results in 
terms of the mechanical properties that determine performance. As 
a result this paper seeks to augment the existing measurement 
methods with a new technique which can nondestructively determine 
the mechanical properties of thin films and monitor changes that 
occur during curing. 
When studying the liquid to solid transition, it is the shear 
properties that are of most interest because the shear modulus 
undergoes very large changes: near zero for liquids, 105 or 106 Pa 
for the rubbery range and 109 or 1010 Pa for glassy materials. 
Obviously. this is a very sensitive parameter for monitoring 
transitions. Moreover, the flow properties that are of interest 
usually involve the shear viscosity. To adapt the measurement of 
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shear properties to the study of thin films, the use of ultrasonic 
shear wave propagation is advantageous because the attenuation of 
high frequency shear waves in many polymers is so large that a 
thin sample behaves as if it were infinitely thick; i.e., if a 
wave is generated at one surface of the film the amplitude of the 
displacement in this wave effectively goes to zero before the wave 
reaches the other surface of the film. This can greatly simplify 
the analysis of the experimental system. A test based on this 
type of measurement therefore has a unique potential for 
addressing the problem of cure monitoring in thin films. It must 
be noted however that some uncured materials which respond as 
liquids or rubbers in most tests will respond as glasses at 
ultrasonic frequencies. Consequently, in these systems the liquid 
to solid conversion.may produce only very small changes in the 
high frequency behavior. Although this represents a limitation on 
the approach, this paper will demonstrate that many important 
polymer systems can be examined with this technique. 
1-6 A number of laboratories have developed experiments that 
use shear waves to measure the mechanical properties of organic 
liquids and polymers. One of these methods 4-6 is particularly 
appropriate for examining cure reactions because it maximizes the 
sensitivity of such techniques. This method involves a thin strip 
(with a rectangular cross section) of aluminum or quartz called 
a strip delay line (Figure 1). A ceramic transducer which is 
poled in the z-direction (placement of axes as shown in Figure 1) 
is attached to one end of the delay line. When the transducer is 
electrically excited, it generates a shear wave in the delay line. 
This wave travels in the x-direction but has particle displacements 
in the z-direction. When the delay line is coated with a thin 
film of the sample, the wave in the delay line generates a corre-
sponding shear wave in the coating. Although the attenuation of 
the wave in the coating is too large to observe this wave directly, 
its generation changes the wave in the delay line: there is a 
significant increase in attenuation and a small decrease in velocity 
as measured along the length of the delay line. If these changes 
are determined, they can be used to calculate the properties of 
the coating. In coating the delay line it is only the two major 
surface (top and bottom in Figure 1) that are of importance. 
4-7 In previous work it has been shown that the delay line 
technique can be used to measure the mechanical properties of 
viscoelastic fluids. The purpose of this research is to extend 
that method to the study of curing. This paper represents a 
progress report on this work. The results from four aspects of 
this research will be reported here: (1) A useful modification of 
the equation was derived. (2) The experimental technique was 
modified to permit rapid and accurate attenuation measurements. 
(3) Several model polymer systems were examined to demonstrate 
the usefulness of the techniques for cure monitoring. (4) Tests 
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Figure 1: Schematic diagram of strip delay line 
were performed to investigate the effects of only partially coating 
the delay line surface with the sample. 
ANALYSIS 
For the goals of the present program, i.e. cure monitoring, 
it is important that the experiment be able to follow the changes 
in mechanical properties that are associated with cure but it is 
not necessary that it be able to determine the exact values of the 
shear modulus. This is important because the delay line technique 
as originally deve10ped4- 6 requires both sides of the delay line 
to be fully coated with the sample if the shear modulus is to be 
determined. There are two reasons why it may be advantageous in 
some cases to coat only one side or part of one side with the 
sample. First, the background attenuation level, i.e. the 
attenuation in the delay line coated with the uncured sample, must 
not be too large or there will not be sufficient signal strength 
to follow the increase in attenuation associated with sample 
curing. This background attenuation is less if less of the surface 
area is coated. Second, when the sample is liquid during any 
phase of the cure, it is easier to prevent this liquid from 
flowing off the delay line surface if the delay line is mounted 
horizontally and only coated on the top surface. 
Although important information can be obtained without 
calculating the exact values of the shear modulus, it is certainly 
desirable if this calculation can be made particularly when trying 
to establish relationships between curing and molecular level 
events. As a result the present study is addressing this goal. 
For the case where one side of the delay line is fully coated with 
the sample an· analytical solution is possible and thi~ development 
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will be presented later in this section. For the case of a delay 
line with only a partial coating on one or both sides, however, it 
is not clear how to model this situation. The major uncertainty 
concerns what happens to the wave as it passes from the uncoated 
section into the coated section and vice versa. In the extreme 
case where the discountinuity between the coated and uncoated 
sections is large, a significant fraction of the wave's energy may 
be reflected back from the discontinuity. This obviously 
complicates the analysis. In most cases however this situation 
can be detected by the appearance of additional peaks in the echo 
pattern on the oscilloscope. In general the noise level would 
permit the detection of an additional reflection whose amplitude 
is 4% or more of the major echo. To date no detectable peaks of 
this type have been found with the samples tested here. 
In the absence of a general analytical treatment for the 
partially coated delay line, the present study addresses this 
question empirically by comparing results for a delay line with 
various fractions of the surfaces coated. A major objective is 
to evaluate the simplest hypothesis that can be proposed, i.e., 
the magnitude of the change produced by coating the delay line is 
directly proportional to the fraction of the surface area that is 
coated. For example, this hypothesis would suggest that coating 
the delay line on only one side would produce changes that are 
half as large as those produced by fully coating the delay line 
on both sides. 
For the special case of a delay line fully coated on one 
side, the situation will be modelled analytically. A detailed 
discussion of the assumptions and approximations that must be 
made to implement the delay line technique have been given 
elsewhere4- 7 and, consequently, will not be repeated here. To 
facilitate this analysis however a brief review of the original 
derivation4,6 will be made. The model for that analysis was an 
infinite plate of thickness 2b with a viscoelastic material on 
both sides (see Figure 2). A coordinate system was established 
with the plate surfaces at the planes y=b and y=-b. A shear wave 
was propagated in the plate in the positive x direction with 
displacement, w, in the z direction and this wave generated a 
corresponding shear wave in the viscoelastic material. This wave 
travels away from the plate at an angle W (the propagation 
velocity in the plate must be greater than that in the visco-
elastic material). The three different regions in the model, 
Figure 2, were designated with the subscripts 0, 1, and 2 respec-
tively, and the problem was treated as 2 dimensional (independent 
of z). 
By noting the direction of wave propagation and the fact that 
both the plate and the surrounding material will damp the wave 
motion, the equations for the displacements were simplified to 
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Figure 2: Placement of axis in infinite plate model with direction 
of wave propagation indicated. Displacement is perpen-
dicular to x-y plane. 
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where E, F. and H are constants, t is time, w is the angular 
frequency (in radians/sec), and m and n are the complex propagation 
constants for the x and y directions respectively. Each propaga-
tion constant combines a real part which gives the amplitude 
attenuation (in nepers/cm) and an imaginary part which is equal 
to the angular frequency divided by the appropriate velocity. 
From the wave equation 
2 
m2+n2 + ~ = 0 G* (4) 
where p is the density, and G* is the complex shear modulus for 
the material in which the wave is traveltng. ,The shear modulus is 
composed of the shear storage modulus, G , whl.ch measures the II 
elastic component of the response and the shear loss modulus, G , 
which measures the-viscous component of the response 
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, " G* = G + i G (5) 
* To solve this problem it was necessary to relate G 0 to the 
behavior of the wave in the plate. This was done by noting that 
both the displacement and the stress must be continuous at the 
plate surface. The only non-zero stress in this model is , z' 
the shear stress acting in the z-direction at the plate surIaces. 
(6) 
As a reference state the case where the medium in regions 0 and 2 
is air was chosen. For this situation 'yz could be taken as zero 
and since the plate thickness was small (less than half a wave 
length) only the pure shear mode of wave propagation was possible 
in the plate, i.e. nl=O. This is the well-known result found by 
Meeker and others. 8 The value of ml for that case was designated 
M. 
The problem of the plate in a linear viscoelastic material 
was then solved using the conditions of symmetry and continuity 
of stress and displacement at the interfaces. As outlined in 
references 4 and 6, the result was 
where 
and 
G 
o 
* [ 
4 2 A2 ] 
-1 + (1- :1 2 )~ 
w Po 
2 2nlb 
-w P n (l-e ) 
A = 1 1 
M2 (1 + e2nl b) 
(7) 
(8) 
(9) 
* consequent~y, Go can be calculated if M, ml , Po' PI' 2b, and w 
are determ1ned. 
These equations are complicated and difficult to use; however, 
in many cases it was found that the addition of a coating to the 
delay line produces only a small change in the x component of the 
propagation constant, i.e. (M-ml) ~ 0.3 (l+i), and under these 
conditions it was shown 4 that the equations could be dramatically 
simplified. These simplified equations were written in terms of 
the characteristic shear mechanical impedance, Z*, and the result 
was 
* * Z = 2b Z (M-ml ) 0 1 (10) 
where 
* * k Z = (pG ) 2 (11) 
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Although not developed in the original derivation, it is 
relatively simple to rewrite these equations in a more useful 
form by splitting the change in the propagation constant into a 
change in attenuation, ~, and a phase shift, ~. 
(M-~) = ~ +i~ 
Equations (10) and (11) can then be combined to give 
and 
where 
" G = B (2 ~ ~)/p 
o 0 
B = (2bZ *)2 1 
(12) 
(13) 
(14) 
(15) 
It is interesting to note that both ~ and ~ must generally be 
determined before G* can be calculated; however, if the phase 
shift is significan~ly smaller than ~, equation (13) can be 
approximated as 
, 
G 
o 
(16) 
Consequently, when the ratio ~/~ is significantly less than one, 
the elastic properties can be determined directly from attenuation 
measurements. 
With the information above in mind it is now possible to 
address the case where region 2 (Figure 2) is air while region 0 
is viscoelastic material. This means the stresses are zero at 
y=-b which results in the reltionship 
F1 = E1 e-2nlb (17) 
If the conditions of continuity of stress and displacement are then 
applied for the plane y=b, the derivation proceeds in exactly the 
same manner as in the original analysis. By following the steps 
outlined in references 4 and 6, equations can be developed for 
this new model. Such an analysis gives relationships that are 
identical to equations (7-9) except that the quantity 2n1b in 
expression (8) is replaced by 4n1b. Since this is the only place 
b appears in the equations, it means that a very interesting 
result is obtained, i.e., a delay line coated on only one side is 
equivalent to a line twice as thick coated on both sides. In 
retrospect this conclusion is not so surpr1s1ng for if the model 
for the line coated on both sides (Figure 2) is examined, it will 
be noted that the shear stress on the y=O plane is zero. 
Consequently, the displacement equations for this model would 
satisfy the boundary conditions for a plate coated on only one 
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side if the thickness were taken as b, one surface were placed at 
y=O, and the other at y=b. Another interesting observation can 
be made from these results. For the case where only one side of 
the plate (thickness 2b) is coated, equation (15) becomes 
* 2 B = (4bZ1 ) (18) 
A comparison of equations (15) and (18) shows that under 
conditions where these expressions apply, ~ and ~ are only half 
as large when one side is coated as compared with the results 
when both sides are coated. Consequently, the simplistic 
hypothesis made earlier is in fact correct for this special case. 
EXPERIMENTAL SECTION 
The apparatus ut!lized in these tests is similar to that 
described previously. It employs a quartz delay line that is 
9.42 cm long, 2.54 cm wide, and 0.185 cm thick (Figure 1). A 
ceramic transducer which is mounted at one end of the line is 
used to generate and monitor the shear wave at a frequency of 
2.900 MHz. The experiments were conducted using the pulse-echo 
technique. A gated sine wave generator is used to produce a 
short burst of sine waves. A minimum of 30 cycles is used to 
assure that the predominant response of the material corresponds 
to a sinusoidal disturbance at 2.9 MHz. The transducer converts 
this signal into mechanical wave motion that travels down and 
back the length of the delay line. As this packet reflects back 
and forth between the ends of the delay line, each reflection 
from the end connected to the transducer generates an electrical 
signal in the transducer that can be fed through an amplifier to 
an oscilloscope. This signal provides a means to monitor the 
wave motion in the delay line. The oscilloscope display, Figure 
3, is a series of sine wave packets that show the characteristic 
exponential decay as a function of time (or distance traveled). 
The spacing of the packet corresponds to the round trip travel 
time down and back the length of the delay line. When the 
surface of the line is coated with a sample, there is an increase 
in the rate of decay (or attenuation per unit distance traveled) 
and a slight increase in the separation of the packet. 
The change in attenuation' can be determined simply by 
monitoring the height of a single packet; however, it is much 
more accurate and reliable to monitor the heights of a series of 
packets and fit this data to an exponential decay. To perform 
this task rapidly the technique used in this work was to combine 
the transducer output signal with a negative DC voltage. The DC 
signal was then adjusted until the top of a given packet was 
suppressed to the base-line. This DC voltage provided a measure 
of the packet height (or wave amplitude in the packet). The 
voltage for a series of packets was determined this way and 
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Figure 3: Oscilloscope display of a typical echo pattern for an 
uncoated delay line. 
digitized directly into a minicomputer which determined the best 
fit exponential decay and plotted the results on a display 
terminal (Figure 4). In this way very accurate attenuation 
measurements could be obtained in only a few seconds. 
For most of the work described in this paper only attenuation 
measurements were made. The changes in velocity that must be 
determined to provide meaningful phase shift measurements are 
very small (less than 1 part in 105) and thus specialized 
equipment is needed. < Recently, this equipment was assembled 
and the apparatus was adapted to implement the echo overlap 
technique for velocity measurements. As a result, a few of the 
most recent tests have included some efforts to measure changes 
in both velocity and attenuation. Details of the echo-overlap 
technique can be found in references 5,6,9, and 10. 
The work reported here employed two different model polymer 
systems for cure rate studies and a third polymeric material to 
help evaluate the technique itself. The criteria for selecting 
the model systems were that they be convenient to test and yet be 
representative of the types of polymeric materials that are of 
practical importance. The first system tested was based on 
natural drying oils (tung oil) and contained about 80% inorganic 
filler. These unsaturated oil systems polymerize when exposed 
to air in thin films, particularly when heated, and consequently, 
they are used in a number of applications including printing inksll 
As a model system for study, this material has the advantage that 
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Figure 4: A graph of the natural logarithm of the wave amplitude 
vs. distance traveled in the delay line and the best fit 
straight line for each data set: blank line before 0 
and after X curing experiment, 1 cm of line coated with 
tung oil system and cured for 0 min. A, 133 min +, 
443 min 0 , and 3000 min ~ • 
it will cure at room temperature with a relatively slow curing 
rate so the transition is easy to follow experimentally. Moreover, 
the cured film can be removed from the delay line quite easily at 
the end of the experiment and this is very useful for such tests. 
The second model system examined in this work was an epoxy-
based formulation. As a result, it represents an example of an 
extremely important type of commerical polymer. In this particular 
formulation, 12 a standard epoxy resin was reacted with methacrylic 
acid to form Bisglycidyl-methacrylate of Bisphenol-A, Bis-GMA. 
This material can be cured through its reactive methacrylate end-
groups using a free radical polymerization initiator (about 0.5% 
by weight benzoyl peroxide, BPO). Although BPO will induce 
polymerization in this material, its action is slow at room 
temperatures. Consequently, an accelerator, Bis-(N,N-2-hydroxy 
propyl) p-toluidine or DHPPT, was added. In addition some 
triethylene glycol dimethacrylate (TEG DMA) was included in the 
formulation to lower the initial viscosity (3 parts by weight 
TEG DMA for every 7 parts by weight of Bis GMA). The advantages 
of this system as a model for cure studies are that it cures at 
room temperature and the rate of cure can be varied by changing 
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the concentration of the accelerator. For the present work 2 
different accelerator concentrations were examined (0.25% and 0.35% 
by weight). The presence of oxygen inhibits the initiation of the 
reaction by converting the free radicals that are formed into less 
reactive species. As a result, all tests with this system were 
carried out in a nitrogen atmosphere. Nevertheless, some oxygen 
was always present in the solutions initially and this produced 
an induction period in which-the initiation of polymerization was 
delayed until all of the available oxygen has reacted. 
For both model systems the cure experiments were performed 
at room temperature (200 C ± 0.2 or better short term) using a film 
thickness of approximately 100~m. Experiments indicate that this 
thickness was sufficiently large to make the results independent 
of film thickness. With regard to the size of the area on the 
delay line surface that was coated, however, both of the model 
systems have a high background attenuation (the attenuation level 
with the delay line coated with the uncured sample). As a result 
all of the experiments were performed with only part of one side 
of the line covered. The area chosen was at the end of the line 
not connected to the transducer and extending 1.0 cm down the 
line. 
The third model polymeric system tested in this study was 
used to empirically compare the results for a partially coated 
delay line and those for a fully coated delay line. This 
material was a highly plasticized polyvinyl chloride (PVC). It 
was prepared using 100 parts of plasticizer (dioctyl phthalate), 
20 parts of polyvinyl chloride, and 2 parts of stabilizer 
o (dibutyltin maleate). The ingredients were mixed at 170 C, poured 
onto a flat surface to form sheets and allowed to cool slowly. 
The sheets were aged for 24 hours before testing. This material 
was selected because it is soft enough to deform and give good 
contact with the delay line surface and yet is stiff enough to 
permit easy handling and accurate measurement of the area covered. 
Another advantage of this formulation is that it has high damping 
properties and thus the phase shift can readily be measured. 
The data obtained for the fully coated delay line can be used 
to calculate a dynamic shear modulus for this material. Although 
the numbers obtained are within the general range expected based 
on extrapolating lower frequency data generated with another 
measurement technique, a quantitative comparison is not possible 
because no independent measurement of the mechanical properties 
are available at 3 MHz. Consequently, this sample can not be 
used,to test the validitY,of ~he technique itself. Fortunately, 
two 1ndependent laborator1es ,7 have now examined the delay line 
method extensively and found it to provide an accurate measurement 
technique for viscoelastic properties and thus the absence of 3 MHz 
data for this material is not a serious drawback. The more 
CURE MONITORING OF THERMOSETTING POLYMERS BY UT 1723 
important question is how the data for a partially coated line 
compares with that for the fully coated line. These tests were 
performed by pressing the PVC material against various fractions 
of one or both sides of the delay line. With these results the 
simple hypothesis mentioned earlier can be examined. The measured 
values for the increase in attenuation and phase shift were simply 
scaled up by dividing by the fraction of the surface area that was 
covered to give predictions for ~ and ~ in a fully coated line. 
These numbers were then compared with measurements actually made 
on the fully coated delay line. The tests also made it possible 
to examine the applicability of the analysis for the line coated 
on only one side since the results for this situation could also 
be compared with the data for the fully coated line. 
RESULTS AND DISCUSSION 
Typical results for the curing experiment with the tung oil 
based polymer system are given in Figure 4 which shows the natural 
logarithm of the wave amplitude as a function of the propagation 
distance for the delay line in air, and for the coated line at 
selected cure times. The slope of each line gives the average 
attenuation per cm, a. Figure 5 shows a plot in which the points 
give values of a measured as a function of curing time for this 
system. Initially there is a rapid increase in a but then it 
begins to level-off and approach a limiting value. Actually, 
careful measurements show that a continues to increase slowly for 
many days, but since it is only the initial stages of cure that 
are of interest here, an effective short term limit, aoo , will be 
defined on the basis of the data in Figure 5. 
In many polymerization studies it is found that changes in 
various properties during the early stages of cure can be described 
with a first order rate equation. To examine this possibility, the 
data in Figure 5 were plotted as log (aoo -a) vs. time, and the 
best fit straight line was fit to this data. The result is shown 
in Figure 6, and as can be seen, this line provides a reasonable 
description of the data. The negative of the slope of this line, 
k, provides a relative measure of the rate of change in mechanical 
properties. Another indication of the fit provided by this model 
is the curve in Figure 5 which represents the prediction for the 
first order equation. The agreement between the data points and 
the calculated curve is very good. 
The cure of the epoxy system can be examined in the same way. 
Figure 7 shows a plot of a vs. time for two formulations. As 
expected, the data show an initiation period as well as the cure 
kinetics. The transition protions of the data can be analyzed in 
a plot of log (aoo-a) vs. time. As shown in Figure 8, the first 
order equation again provides a reasonable fit to the data. If a 
horizontal line corresponding to the initial value of log (aoo-a) 
1724 D. L. HUNSTON 
0.08 
E 
(,) 
Q. 
GI 
E. 
c: 0.06 
.2 
iii 
::::I 
c: 
III 
:: 
< 
0.04 
0 10 
Time x 10.4 (s) 
Figure 5: The average attenuation per cm, a, as a function of 
curing time for tung oil system (1 cm of line coated). 
is shown in Figure 8, then the intersections of this line and the 
first order equation lines provide a measure of the induction 
period, to. As can be seen in this figure, the higher concentra-
tion of accelerator not only increases the relative cure rate but 
also shortens the induction period. This can be understood by 
noting that the accelerator not only speeds-up the cure rate but 
also the rate at which the oxygen initially dissolved in the 
sample is used-up. Since rapid polymerization does not begin 
until the oxygen has reacted, additional accelerator would be 
expected to significantly shorten the induction period. 
The values of k and to for the three systems discussed above 
are given in Table I. 
Table I Parameters from analysis of cure 
System 
tung oil 
epoxy /0.25% accelerator 
epoxy /0.35% accelerator 
1. 5xlO-5 
-4 8.2xlO 
-3 1.5xlO 
± negative of slope of lines in Figures 6 and 8. 
+ from intersection of lines in Figure 8. 
t+ 
o (sec) 
o 
3630 
580 
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Table II Results for PVC Material 
Number of % Area Covered b. cp 
Tests Side 1 Side 2 (nep/cm) (rad/cm) 
6 100 100 0.040 to 0.042 0.029 to 0.032 
5 100 0 0.041 to 0.044 0.029 to 0.031 
1 26.5 0 0.043 0.029 
1 46.7 0 0.044 0.028 
1 51.0 0 0.043 0.031 
1 73.2 0 0.043 0.029 
1 75.4 0 0.043 0.030 
1 31.8 31.8 0.044 0.032 
1 53.1 53.1 0.041 0.030 
1 75.4 75.4 0.041 0.029 
1 100 22.3 0.041 0.030 
1 100 46.7 0.042 0.028 
1 100 73.2 0.040 0.030 
This Table lists values of b. and cp that were either measured on, 
converted to, or predicted for a fully coated line, i.e. the 
measured values were divided by the fraction of the delay line 
surface that was coated. 
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Figure 6: First order data analysis plot for data in transition 
region in Figure 5. 
These experiments clearly indicate the potential usefulness of 
this device as a cure monitoring tool even though the relationship 
between the measured quantities and the actual values of the 
shear modulus have not been established analytically for the 
partially coated delay line. The results of the empirical tests 
to examine this relationship are shown in Table II. 
Two features of these results should be noted. First the 
data for the fully coated line can be compared with that of the 
line coated on only one side to test the applicability of the 
analysis developed in this paper. Table II shows that there is 
excellent agreement between the values obtained with the two 
geometries. From the data provided by these two cases, the best 
estimates for the correct values of ~ and ~ are O.042±O.002 
nepers/cm and O.030±O.002 radians/cm, respectively. The 
uncertainties in these results are consistent with what is 
expected based on previous work6 in view of the temperature 
variations that are present here. The second feature of Table II 
that is of interest is a comparison between the best estimate 
values of ~ and ~ and those predicted from the results of 
experiments on partially coated delay lines. The only indication 
of a difference between the two types of experiments is the trend 
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Figure 7: The average attenuation per cm, a, as a function of 
curing time for epoxy based systems with accelerator 
concentrations of 0.25% c:J ' and 0.35% ~ (1 cm of 
line coated). 
that can be seen in the measurement of~. The estimates for ~ 
are slightly larger when less of the delay line surface is 
coated. These variations, however, are within the estimated 
experimental uncertainty and thus for these tests no significant 
differences were found between estimates based on experiments 
with a partially coated delay line and measurements on a fully 
coated delay line. 
Obviously the limited data presented in Table II can not 
establish the validity of using a partially coated delay line to 
calculate a shear modulus. Such an assertion will require 
additional data on a wide variety of samples . Nevertheless, the 
data generated here represent a very encouraging first step and 
provide strong motivation for additional studies. 
CONCLUSION 
A valuable tool for monitoring the cure of thin films of 
polymeric materials has been developed and demonstrated with 
several model polymer systems. The technique measures parameters 
that are related to the mechanical properties of the polymer film 
and changes in these parameters can be used to follow curing of 
the film. When the sample permits experiments to be conducted 
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Figure 8: First order data analysis plot for data in transition 
regions in Figure 7. Dashed line is estimate for value 
of line with coating before initiation of cure. 
with a delay line fully coated on one or both sides, the actual 
value of the complex dynamic shear modulus can be determined. 
For experiments with a partially coated line, the data can be 
used to examine rates of cure and other important kinetic 
parameters and possibly the shear modulus as well . Initial 
experiments have been performed to empirically examine the 
relationship between the parameters measured by this technique 
and the complex dynamic shear modulus for the case of a partially 
coated delay line. These tests suggest that the relationship 
may be quite simple. 
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